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Abstract. Cosmological observations are becoming increasingly sensitive to the effects
of light particles in the form of dark radiation (DR) at the time of recombination. The
conventional observable of effective neutrino number, Neff , is insufficient for probing generic,
interacting models of DR. In this work, we perform likelihood analyses which allow both
free-streaming effective neutrinos (parametrized by Neff) and interacting effective neutrinos
(parametrized by Nfld). We motivate an alternative parametrization of DR in terms of
Ntot (total effective number of neutrinos) and ffs (the fraction of effective neutrinos which
are free-streaming), which is less degenerate than using Neff and Nfld. Using the Planck
2015 likelihoods in conjunction with measurements of baryon acoustic oscillations (BAO),
we find constraints on the total amount of beyond the Standard Model effective neutrinos
(both free-streaming and interacting) of ∆Ntot < 0.39 at 2σ. In addition, we consider
the possibility that this scenario alleviates the tensions between early-time and late-time
cosmological observations, in particular the measurements of σ8 (the amplitude of matter
power fluctuations at 8h−1 Mpc), finding a mild preference for interactions among light
species. We further forecast the sensitivities of a variety of future experiments, including
Advanced ACTPol (a representative CMB Stage-III experiment), CMB Stage-IV, and the
Euclid satellite. This study is relevant for probing non-standard neutrino physics as well as
a wide variety of new particle physics models beyond the Standard Model that involve dark
radiation.
Keywords: cosmology of theories beyond the SM, particle physics - cosmology connection,
cosmological neutrinos, cosmological parameters from CMBR
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1 Introduction
The era of high-precision cosmology which we are entering provides a variety of powerful
observational tools to probe new particle physics beyond the Standard Model (BSM). In par-
ticular, cosmological observables can be uniquely sensitive to new particles with very weak or
even only gravitational interactions with the SM which are beyond the reach of any terrestrial
particle physics experiments. Through the previous decade into the next, we are entering an
era of unprecedented experimental precision with which we will be able to refine and further
test the paradigm of ΛCDM (Λ Cold Dark Matter) cosmology. A particular class of BSM
physics models that will be tested with significantly improved sensitivity are those involving
new free-streaming sub-eV mass particles, which may reveal themselves through effective
neutrino number, Neff [1–4], in the Cosmic Microwave Background (CMB). In the form of
relativistic dark radiation (DR), such light species can contribute an appreciable fraction of
the total cosmic energy density during the epoch in which anisotropies are frozen in, which
nearly coincides with matter-radiation equality, and thus DR is observable from the evolution
of cosmological perturbations. The presence of dark radiation in our universe may naturally
descend from symmetries in the underlying quantum field theory; for example, a shift sym-
metry leads to a spin-0 Nambu-Goldstone boson, a chiral symmetry can lead to a spin-1/2
fermion, and a gauge symmetry leads to a spin-1 vector boson [5–7]. Investigations related to
the Neff observable may also reveal non-standard neutrino physics as well as unconventional
cosmic thermal histories that enhance or dilute the energy density in SM neutrinos. A recent
analysis from the Planck collaboration [8] reports a measurement of Neff = 3.15 ± 0.23 1,
which has constrained many new physics possibilities that were previously comfortably al-
lowed by BBN and WMAP measurements. Nevertheless, new light degrees of freedom which
decoupled from the SM at temperatures comparable to the temperature of the QCD phase
transition or higher are still generally compatible with Planck constraints [9]. However, the
next-generation experiments of the coming decade, culminating in a CMB Stage-IV (CMB-
S4) experiment [10, 11], herald another order-of-magnitude improvement in the measurement
of Neff , down to the level of σ(Neff) ∼ 0.015− 0.03 [11–13]. Such level of precision is remark-
able as it is comparable to a theoretical benchmark of ∆Neff ≥ 0.027 [7, 9, 14], corresponding
to just a single real scalar which decoupled from the SM at temperatures between the weak
scale and the cutoff of the SM effective field theory.
Nevertheless, most of the earlier studies on constraining new light species in the CMB,
including the Planck report, implicitly assume that these particles would be very weakly
interacting and thus free-streaming at the time of recombination, just like the SM neutrinos.
At the same time, the presence of effectively interacting light species in the CMB is also well-
motivated from a wide variety of BSM particle physics models. In addition, the possibility
that the SM neutrinos have at least some BSM interactions has been considered in [15–17],
which may be motivated by certain neutrino mass generation mechanisms. Recently, there
has been an increased interest in the scenario of hidden dark sectors inspired by both dark
matter (DM) physics (for example, [18–24]) and certain solutions to the electroweak hierarchy
problem (such as the twin Higgs model [25–27]). This interest has motivated considerations
of generic BSM dark radiation species that are interacting in the CMB [7, 28, 29]. Possible
particle physics identities of such interacting DR include e.g. dark gluons with non-abelian
gauge self-interactions, or a plasma of light dark chiral fermions interacting with massless
dark photons. Furthermore, it has been recently demonstrated that the presence of strongly
1This quoted result is based on Planck+BAO data, without including Planck’s high-` polarization data.
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interacting DR, along with (partially) interacting DM, may alleviate the notable “anomalies”
associated with late-time observables: the ∼ 3σ tensions between direct measurements of H0
(the Hubble expansion rate today) and measurements of Large Scale Structure (LSS), in
particular σ8 (the linear theory amplitude of matter power fluctuations at 8 h
−1 Mpc), and
their inferred values from fitting early-time CMB data with the ΛCDM paradigm [30, 31].
Are there observable differences between such interacting DR and neutrino-like free-
streaming radiation? To first order, both contribute to the total background radiation energy
density in the same manner. Nevertheless, there are subleading, more subtle effects that
can distinguish the two. It was first discussed in [32] that free-streaming species induce a
universal phase shift in the high-` peaks of CMB anisotropy spectrum due to their super-
(sound)horizon propagation. [32] also discusses the enhancement of matter fluctuations due
to free-streaming neutrinos. Shortly afterwards, [33] pointed out a damping effect on CMB
tensor modes caused by free-streaming species, similar to effects on scalar modes discussed
earlier in [32, 34]. Recently, through analytic studies, it was pointed out in [7] that interacting
DR may induce non-trivial effects on these more subtle observables as well, yet in a different
or opposite way relative to that by free-streaming species; for example, the effects on the
magnitude and direction of the phase shift. It is only as of the recent Planck results that
experiments started to be sensitive to the phase shift in the high-` peaks [35, 36]. However,
the conventional one-parameter fit template based on Neff implicitly assumes all possible
light species are free-streaming. Due to the aforementioned observable differences in free-
streaming vs. interacting DR, this approach may be far from optimal for either imposing
a reliable constraint on generic BSM DR, or disentangling new physics from experimental
data. It was proposed in [7] that a two-parameter fit incorporating both types of DR is
a more inclusive approach. Around that time, similar considerations triggered the work in
[36], which along with presenting other related physics insights performed such a dedicated
two-parameter analysis based on Planck data and a projection for CMB-S4.
In this work, we conducted a more comprehensive study of the cosmological constraints
on generic DR, considering data from a variety of present and future experiments, and al-
lowing both Neff and Nfld to float, where Nfld parametrizes the total number of “fluid-like”,
or interacting, effective number of neutrinos. Our work differs and extends in several regards
with respect to the previous studies in [36]. First, we choose a different parametrization of
ΛCDM as well as imposing different priors on various parameters in our likelihood analyses,
to be described further below, which offers modestly stronger constraints on the present-day
constraints of Nfld. Second, we extend the results of [36] by considering additional cos-
mological measurements as well, in particular focusing on the recently recognized tensions
between early-time and late-time measurements, finding mild evidence to support a scenario
with non-vanishing Nfld, which alleviates the tension with measurements of σ8 arising from
observations of large scale structure. Third, in addition to forecasting for a CMB Stage-IV
experiment, we also forecast experiments whose results will be available sooner (in particu-
lar, Advanced ACTPol as a representative for the CMB Stage-III experiments, as well as the
Euclid cosmic shear survey), in order to obtain a road map of our understanding of new light
degrees of freedom over time. Finally, we use our results to motivate a new parametriza-
tion of new light degrees of freedom in our universe, Ntot (the sum of Neff and Nfld) and
ffs ≡ Nfld/Ntot (the fraction of effective neutrinos that are free-streaming), which have more
independent, manifest physical meanings. This new parametrization alleviates the modest
degeneracy between Neff and Nfld, and provides a tighter effective constraint on the allowed
total light degrees of freedom.
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We begin in section 2 by describing the details of our likelihood analyses, as well as
defining the various likelihoods that we will use. Then, in section 3, we describe our findings
for the present-day results and future forecasts of these analyses and offer some interpretation
of the results. Finally, in section 4, we conclude and describe future directions to pursue.
In the Appendix we show a full triangle plot demonstrating the correlations between various
cosmological parameters, upon digital zoom-in.
2 Likelihood Analyses
We undertake several likelihood analyses of the scenario of having extra both interacting as
well as free-streaming new light degrees of freedom at the time of recombination, parametrized
in terms of an effective number of free-streaming neutrinos Neff and an effective number of
interacting2 neutrinos Nfld, where our definition of “interacting” is that the interaction rate
Γ must be much larger than the Hubble expansion rate at the time of recombination which
allows treating the dark radiation as fluid. To do this, we compare to cosmological likelihoods
using a modified version of the Boltzmann code CLASS v2.4.5 [37] in conjunction with the
Monte Carlo code MontePython v2.2.2 [38]. The modifications to CLASS implemented
interacting particles as a perfectly coupled fluid. This models interacting dark radiation
well as long as the fluid is tightly coupled; in other words, its interaction rate Γ is much
larger than H throughout the epoch of recombination. The case where fluid self-interactions
become inefficient during recombination (Γ ∼ H) is more nuanced and we do not treat it
here.
We compare primarily to the Planck 2015 release of cosmological likelihoods [39], but
in addition, we compare to other published cosmological measurements as well. We list the
precise collection of data that we use later in subsections 2.1 and 2.2. In addition, in 2016,
Planck has released intermediate results [40] using instead a cross-spectra-based approach
to the low-` polarization likelihood [41], which they dubbed the “Lollipop” likelihood. They
found that using Lollipop in conjunction with the Planck both low- and high-` TT likelihoods
lowered the posterior on the Thomson scattering optical depth τ from 0.078 ± 0.019 to
0.058 ± 0.012, and the new result was stable upon further adding a lensing likelihood. It
is interesting to determine whether this lower optical depth might have any effect on the
parameters in the DR sector. We therefore study the constraints on new light degrees of
freedom in the presence of a Gaussian prior on τ , in lieu of low-` polarization data from
Planck. This serves as a mockup of the full Lollipop likelihood. The inclusion of a mockup
of the Lollipop likelihood is an update to the results presented in the earlier related work in
[36], in addition to the additional cosmological data we consider 3.
Finally, we also do a full likelihood forecast for various upcoming experiments, including
Advanced ACTPol, a Euclid cosmic shear survey, and a tentative CMB-Stage IV experiment.
2Generally these new light species may be either self-interacting (even possibly via higher-dimensional
operators) or interact with other particles such as another type of DR or a component of dark matter [29, 30].
This work focuses on self-interaction and interaction among different types of DR. Interaction with dark
matter would introduce a drag force on dark matter which is not included in our Boltzmann code.
3At the time of the preparation of this draft, we found somewhat stronger present-day constraints between
our analysis and theirs, which we have understood to be due to two driving factors. First, we impose Gaussian
priors on nuisance parameters, as suggested by Planck. Second, we impose flat priors on the parameters
ln(1010As) and θs (as Planck does) rather than As and H0, as these parameters are less degenerate with Neff
and Nfld. Although we have not done so, it would be interesting to approach the problem with a frequentist
approach rather than a Bayesian one to eliminate the dependence on priors, and compare those constraints
with the ones obtained here.
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The Stage-IV forecasting was also performed in [36]; the main difference4 in our analysis is
a more conservative view of such an experiment, only working up to `max = 3000 instead of
5000, and surveying 40% of the sky instead of 75%. We do not consider lensing reconstruction
here in this initial treatment.
We now turn to the specific details of both our present-day and forecasted data sets.
2.1 Present-Day Likelihoods
We define the following combinations of likelihoods from the Planck 2015 release:
• “Planck T” includes the following likelihoods:
– High-` TT from hi l/plik/plik dx11dr2 HM v18 TT.clik
– Low-` TEB from low l/bflike/lowl SMW 70 dx11d 2014 10 03 v5c Ap.clik
– Lensing from lensing/smica g30 ftl full pp.clik lensing
• “Planck P” includes the following likelihoods:
– High-` TT+TE+EE from hi l/plik/plik dx11dr2 HM v18 TTTEEE.clik
– Low-` TEB from low l/bflike/lowl SMW 70 dx11d 2014 10 03 v5c Ap.clik
– Lensing from lensing/smica g30 ftl full pp.clik lensing
• “BAO” includes measurements of the following parameters at the following effective
redshifts from the following surveys:
– rs/DV at z = 0.106 from the 6dF galaxy survey [42]
– DV /rs at z = 0.15 from the SDSS main galaxy sample [43]
– DV /rs at z = 0.32 from BOSS-LOWZ [44]
– DV /rs at z = 0.57 from BOSS-CMASS [44]
• “H0” includes a Gaussian prior on H0 of 73.24± 1.74 Mpc−1km/s, from [45].
• “LSS” includes a Gaussian priors on5:
– σ8(Ωm/0.27)
0.46 of 0.774± 0.040 from the CFHTLenS weak lensing survey [46]
– σ8(Ωm/0.27)
0.30 of 0.782± 0.010 from the Planck SZ cluster mass function [47]
Finally, in lieu of having the full cross-spectra likelihood, we use the following as a
stand-in.
• “Lollipop” includes the following likelihoods:
– High-` TT+TE+EE from hi l/plik/plik dx11dr2 HM v18 TTTEEE.clik
4Another difference is our combining with the Planck likelihood so as to extend our survey down to the
low-` regime; doing so allows us to more accurately consider potential correlations between our new DR
parameters and ΛCDM parameters of interest, such as H0 and σ8.
5Note that these measurements necessarily must assume some cosmology in order to produce quantitative
results, and these were derived in the ΛCDM cosmology rather than the one we study in this paper. Nev-
ertheless, we have verified that the introduction of new light degrees of freedom (evaluated at the best-fit
point of our scan involving this likelihood below) does not significantly alter the matter power spectrum at
the relevant scales, and so it is approximately correct to use these results as-is.
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– Low-` TT only from low l/commander/commander rc2 v1.1 l2 29 B.clik
– Lensing from lensing/smica g30 ftl full pp.clik lensing
– A gaussian prior on τ of 0.058± 0.012, obtained from [40]
2.2 Mock Likelihoods
• “S3” includes a mock likelihood created in MontePython based on the Planck P best-fit
point for the six-parameter cosmological model, taken from [8]. We used the following
parameters for the experiment, obtained from the specifications for the Stage-III five-
channel Advanced ACTPol experiment [48] which is beginning to take data this year.
These specifications are functionally equivalent to ones that could be obtained from
the comparable SPT-3G experiment [49], Simons Array or POLARBEAR-2 [50].
– `min = 30
– `max = 2000
– fsky = 0.4
– Angular resolution = {7.1′, 4.8′, 2.2′, 1.4′, 0.9′}
– σT =
1√
2
σP = {80, 70, 8, 7, 25}′µK
• “S4” includes a mock likelihood also created in MontePython based on the same Planck
E best-fit point. We used the following parameters for the tentative upcoming experi-
ment, obtained from the CMB Stage-IV Science Book [11].
– `min = 30
– `max = 3000
– fsky = 0.4
– Angular resolution = 1′
– σT =
1√
2
σP = 1
′µK
• “Euclid” includes a mock cosmic shear survey based on the upcoming Euclid experi-
ment, scheduled to launch in 2020. The implementation of the mock survey was pulled
from the Euclid Red Book [51], and comes bundled with MontePython.
3 Results
We ran Markov Chain Monte Carlo (MCMC) for a variety of combinations of the above
likelihoods until the Gelman-Rubin convergence diagnostic R−1 . 0.01 for all chains. For the
present-day constraints below, we also ran an otherwise identical scan but having fixed Neff =
3.046 andNfld = 0 to reproduce ΛCDM, in order to report a ∆χ
2 ≡ χ2ΛCDM+Neff+Nfld−χ2ΛCDM.
In all of the scans we discuss below, we take flat priors on the eight parameters Ωbh
2, Ωcdmh
2,
100θs, ln(10
10As), ns, τ , Neff , and Nfld. We of course impose a prior Nfld ≥ 0, and also impose
a prior of τ ≥ 0.04 due to observations of the Gunn-Peterson effect (see e.g. [52]). Note that
we impose the prior Neff ≥ 0 rather than Neff ≥ 3.046, allowing the possibility that the
SM neutrinos have some BSM interactions, and the possibility of dilution of Neff due to on-
standard cosmology (e.g. by Nfld in our model, or by late-time entropy release after neutrino
decoupling).
– 6 –
3.1 Present-Day Constraints
We ran MCMC chains for the following collection of present-day likelihoods: Planck T,
Planck P, Planck P+BAO, Planck P+BAO+H0, and Planck P+BAO+H0+LSS. We present
the results below in table 1, showing either the best-fit value and the 1σ posteriors, or the 2σ
upper bound on parameters. We imposed flat priors on the first block of eight parameters,
and derived the remaining five in the second block. We have color-coded the combinations
of likelihoods that we used in table 1, and with the same color scheme, we show the 1d
posteriors in figure 1 and two 2d posteriors in figure 2.
We find a strong degeneracy between Neff and Nfld, as shown in the upper part of figure
2 below. The constraints on the sum Ntot ≡ Neff + Nfld are considerably more severe than
on the difference of these parameters, motivating us to instead parametrize new light species
with Ntot and ffs ≡ NeffNtot , the fraction of effective neutrinos that are free-streaming. We
demonstrate the improved independence of this parametrization in the lower part of figure
2 below. Furthermore, specifically for the Planck P+BAO run, we produce a full triangle
plot in the appendix, in figure 7. The proposed parametrization based on Ntot, ffs is also
physically motivated: Ntot represents the total energy contribution from radiation (except
for photons) to the Hubble expansion rate at the time of recombination, while ffs relates to
the amplitude of the universal phase shift of the high-` peaks in the CMB spectra due to the
presence of free-streaming species [7, 32], the damping effects on scalar and tensor modes of
CMB, as well as the enhancement effect on matter fluctuation.
Param. Planck T Planck P Planck P+BAO Planck P+BAO Planck P+BAO
+H0 +H0+LSS
100 Ωbh
2 2.257+0.036−0.042 2.235
+0.025
−0.028 2.237
+0.021
−0.021 2.253
+0.019
−0.02 2.263
+0.019
−0.019
Ωcdmh
2 0.1203+0.0039−0.004 0.1191
+0.0031
−0.0033 0.1192
+0.0031
−0.0032 0.1212
+0.003
−0.003 0.1176
+0.0026
−0.0027
100θs 1.043
+0.00063
−0.00077 1.043
+0.00062
−0.00077 1.043
+0.00064
−0.00077 1.043
+0.00065
−0.00079 1.044
+0.00076
−0.0008
ln 1010As 3.066
+0.036
−0.045 3.049
+0.026
−0.029 3.05
+0.024
−0.025 3.059
+0.026
−0.025 3.002
+0.018
−0.022
ns 0.9686
+0.015
−0.017 0.9601
+0.0094
−0.0096 0.9608
+0.0083
−0.0081 0.9659
+0.008
−0.0076 0.956
+0.0076
−0.0075
τ 0.06637+0.012−0.015 0.06699
+0.011
−0.012 0.06649
+0.012
−0.012 0.07038
+0.012
−0.013 0.0559
+0.0067
−0.013
Neff 2.916
+0.39
−0.36 2.795
+0.23
−0.23 2.801
+0.24
−0.22 2.9
+0.24
−0.22 2.453
+0.23
−0.23
Nfld < 0.7897 < 0.6181 < 0.6055 < 0.6852 0.6138
+0.22
−0.24
YHe 0.2499
+0.0041
−0.0043 0.2478
+0.003
−0.003 0.248
+0.0026
−0.0026 0.2501
+0.0024
−0.0023 0.2482
+0.0021
−0.0021
H0 70.1
+2.4
−3 68.49
+1.6
−1.9 68.65
+1.3
−1.4 69.82
+1.2
−1.2 69.95
+1.1
−1.1
σ8 0.831
+0.017
−0.02 0.823
+0.012
−0.013 0.8234
+0.012
−0.012 0.8301
+0.012
−0.012 0.7971
+0.0077
−0.0083
Ntot 3.201
+0.29
−0.33 3.046
+0.21
−0.22 3.059
+0.19
−0.19 3.211
+0.17
−0.18 3.067
+0.15
−0.16
ffs > 0.7525 > 0.805 > 0.8069 > 0.791 0.8006
+0.074
−0.073
∆χ2 −0.62 0.96 0.68 −1.86 −6.84
Table 1. The results of likelihood analyses for a ΛCDM+Neff +Nfld scan, using various combinations
of present-day likelihoods defined above. The first block of parameters had flat priors imposed on them,
and the second block were derived. We report a best-fit value and 1σ posterior almost everywhere,
except in a few cases where we instead report a 2σ upper bound. Finally, we compare χ2 to a similar
scan but using only ΛCDM, finding no evidence for an improved fit except in the final scan, which
has mild evidence for an improved fit.
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Figure 1. Here we show the 1d posteriors for the above scans. The colors of the posterior indicate
which scan they belong to; in the same order as above, Planck T, Planck P, Planck P+BAO, Planck
P+BAO+H0, and Planck P+BAO+H0+LSS.
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Figure 2. Here we show two different 2d posteriors for three of the five scans (Planck T, Planck
P+BAO, and Planck P+BAO+H0+LSS). The solid lines are 1σ contours, and the dot-dashed lines are
2σ contours. The posteriors in the top figure exhibit degeneracy between Neff and Nfld, motivating the
parametrization in terms of Ntot and ffs in the bottom figure, and demonstrating that the strongest
constraints arise on the sum Ntot.
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In particular, we note that using only early-time cosmological measurements (Planck
P+BAO), Ntot < 3.44 at 2σ, with best fit value of 3.06 indicating that no more than 0.39
effective neutrinos may be added (at 2σ) beyond the SM neutrinos, regardless of whether
they are free-streaming or interacting. In contrast, if we were to consider the (Neff , Nfld)
parametrization, we would obtain Neff < 3.28, Nfld < 0.62 at 2σ which apparently allows
more DR in total, resulting from the degeneracy between the two variables as discussed
earlier. This data set also imposes constraint that ffs > 0.8 at 95% CL, with a preferred
value of ∼ 1. This conclusion on Ntot does not substantially change upon the inclusion of
late-time experiments. Adding only a prior on Hubble increases the best-fit value of Ntot up
to 3.2, but does not statistically significantly improve the goodness-of-fit over ΛCDM.
Upon further adding LSS priors, though, the best-fit value of Nfld shifts away from 0 and
up to 0.6. Equivalently the best-fit value of ffs decreases from 1 to 0.8. However, crucially, the
best-fit value of Ntot remains at 3.07. We further note that this best-fit scenario is preferred
at the 2σ level over ΛCDM. Apparently the result from the scan suggests the possibility
that some fraction of the SM neutrino sector acts as interacting DR. Nevertheless, having
0.6 neutrinos be interacting does not appear to make physical sense. This can be addressed
if a more general parametrization for neutrino interactions is adopted, allowing for weaker
interactions beyond the simplified tightly-coupled limit we consider in this work. Earlier
attempts in this direction include [53]. An alternative interpretation could involve DR from
a dark sector and non-standard cosmology which dilutes Neff through late entropy release
after neutrino decoupling. The apparent larger fraction of Nfld given late-time measurements
is another curious aspect that may inspire model building involving exotic physics associated
with neutrinos and/or a dark sector. The effect of a larger Nfld may also be reproduced by a
more extended BSM cosmology involving DR and DM interactions, as suggested in [30, 31].
In light of the recently recognized tensions between the early- and late-time measure-
ments of H0 and σ8, we further explore these late-time priors by explicitly showing the
degeneracies between the parameters in the DR sector and the parameters we impose priors
on. In particular, it has been recognized that the Hubble expansion rate H0 today inferred
from a fit to the CMB and BAO data based on ΛCDM paradigm [8] is smaller than the
observed value from direct local measurements [45, 54–56], with a ∼ 3σ discrepancy; the
inferred value of σ8 is larger by 3–4σ [46, 47, 57] than the values from late-time measure-
ments such as a weak lensing survey [58], CMB lensing [59], and Sunyaev-Zeldovich cluster
counts [60–62].
As shown in figure 3, we find that the inclusion of DR does alleviate the aforementioned
tensions in the correct direction (i.e. to increase H0 and decrease σ8 compared to fitting
CMB with ΛCDM), although the effect on σ8 is much more apparent. Such effect can be
understood as follows. As pointed out in earlier literature [32], a finite fraction of free-
streaming particles in the total radiation density (Rν as in [32], represented by ffs as defined
in our paper) causes a super-horizon perturbation that affects the gravitational potential
and consequently amplifies the matter fluctuation. In contrast, having additional interacting
light particles would reduce the fraction of the free-streaming neutrinos in the total radiation
energy density, thus suppressing the matter power spectrum. Another factor to consider
is that additional relativistic species, either free-streaming or fluid-like, would increase the
background radiation density, and thus would change fixed CMB variables such as teq unless
matter fluctuation is increased accordingly. For free-streaming neutrinos, the above two
factors add up to enhance the amplitude of matter perturbation, while for fluid-like dark
radiation, the above factors contribute with opposite signs, thus weakening the net effect on σ8
– 10 –
relative to that of free-streaming species. These findings indicate that interacting DR impacts
late-time observables substantially differently than free-streaming DR does, suggesting that
if a BSM solution to the early vs. late time tension is needed, interacting DR may play a vital
role in the resolution of this puzzle. Such a possibility was already suggested in earlier studies
involving DM-DR interactions [29–31]. As shown in figure 3, although the mere inclusion
of DR does not fully eliminate the “anomaly” related to the H0 and σ8 measurements, it
does alleviate the tensions in the correct direction, although the effect on σ8 is much more
apparent. If the early- vs. late-time anomalies become sharper over the coming years, a more
extended theory, possibly including DM and DR interactions, may be needed to fully address
them, such as in [30, 31].
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Figure 3. Here we show different 2d posteriors for three of the five scans (Planck P+BAO, Planck
P+BAO+H0, and Planck P+BAO+H0+LSS). The solid lines are 1σ contours, and the dot-dashed
lines are 2σ contours. The posteriors demonstrate how free-streaming DR affects late-time cosmolog-
ical observables differently than interacting DR does. In the left figures, we explore the effect of Neff ;
in the right figures, Nfld. In the top figures, we explore the effect on H0; in the bottom figures, σ8.
3.2 τ Prior
Here, we study the effects of τ (the Thomson scattering optical depth) prior on present-day
constraints. We again performed a likelihood analysis of the “Lollipop” likelihood defined
above. Our findings are on the left side of table 2. We find no significant evidence for new
light species with this prior.
3.3 Future Constraints
Finally, we forecast for upcoming experiments. We run scans with the following likelihoods
(in chronological order): Planck P+S3, Planck P+Euclid, and Planck P+S4. Our results
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are shown on the right side of table 2. We also show a comparison of the 2d posteriors for
the Stage III and Stage IV results with the present-day constraints (in particular, Planck P)
in figure 4.
Param “Lollipop”
100 Ωbh
2 2.229+0.024−0.026
Ωcdmh
2 0.119+0.0031−0.0032
100θs 1.043
+0.0006
−0.00073
ln 1010As 3.039
+0.021
−0.023
ns 0.958
+0.0089
−0.0087
τ 0.06077+0.0091−0.011
Neff 2.783
+0.23
−0.21
Nfld < 0.5709
YHe 0.2473
+0.0029
−0.0028
H0 68.06
+1.6
−1.7
σ8 0.8192
+0.011
−0.011
Ntot 3.012
+0.2
−0.21
ffs > 0.8169
Param Planck P+S3 Planck P+Euclid Planck P+S4
100 Ωbh
2 2.226+0.01−0.011 2.227
+0.013
−0.014 2.225
+0.0051
−0.0051
Ωcdmh
2 0.1201+0.0014−0.0014 0.1226
+0.002
−0.0022 0.1196
+0.001
−0.0011
100θs 1.041
+0.00024
−0.00031 1.042
+0.00044
−0.00047 1.041
+0.00014
−0.00017
ln 1010As 3.075
+0.017
−0.016 3.079
+0.011
−0.012 3.089
+0.012
−0.012
ns 0.964
+0.0047
−0.0045 0.9637
+0.0035
−0.0037 0.9644
+0.0037
−0.0037
τ 0.07204+0.0093−0.0085 0.07338
+0.0074
−0.0077 0.07813
+0.0068
−0.0068
Neff 2.973
+0.11
−0.094 3.024
+0.12
−0.11 2.995
+0.071
−0.056
Nfld < 0.2461 < 0.355 < 0.1226
YHe 0.2481
+0.0011
−0.0012 0.2493
+0.0014
−0.0015 0.2477
+0.00064
−0.00067
H0 67.79
+0.71
−0.73 68.27
+0.54
−0.64 67.56
+0.46
−0.46
σ8 0.8359
+0.0071
−0.007 0.8441
+0.0026
−0.0037 0.8408
+0.0045
−0.0046
Ntot 3.067
+0.082
−0.086 3.157
+0.1
−0.11 3.04
+0.047
−0.048
ffs > 0.92 > 0.891 > 0.9595
Table 2. Left: The results of a likelihood analysis for a ΛCDM+Neff +Nfld scan using the “Lollipop”
combination of likelihoods defined above, including a relatively low prior on τ . Right: The forecasted
results of likelihood analyses for a ΛCDM+Neff +Nfld scan, using the various mock likelihoods defined
above, in chronological order. Both: the first block of parameters had flat priors imposed on them,
and the second block were derived. We report a best-fit value and 1σ posterior almost everywhere,
except for Nfld and ffs where we instead report a 2σ bound.
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Figure 4. Here we show two different 2d posteriors for two of the three future constraints (Planck
P+S3 and Planck P+S4) alongside one of the present-day constraints (Planck P). The solid lines
are 1σ contours, and the dot-dashed lines are 2σ contours. The left figure shows the conventional
parametrization in terms of Neff and Nfld, whereas the right figure shows our alternative parametriza-
tion in terms of Ntot and ffs.
In figure 5, 6, we also demonstrate future correlations between H0/σ8 and DR parame-
ters. Again we can see that interacting DR affects the fitting of σ8 in a very different way from
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the free-streaming species. We also see that future experiments will be able to significantly
improve the precision of σ8 −H0 fitting.
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Figure 5. Here we show two different 2d posteriors for one present-day and two mock scans (Planck
P, Planck P+S3, and Planck P+S4). The solid lines are 1σ contours, and the dot-dashed lines are
2σ contours. The posteriors demonstrate how free-streaming DR will affect late-time cosmological
observables differently than interacting DR will. In the left figures, we explore the effect of Neff ; in
the right figures, Nfld. In the top figures, we explore the effect on H0; in the bottom figures, σ8.
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Figure 6. Here we show H0-σ8 2d posteriors for six scans. On the left, we show present results
with Planck P+BAO, Planck P+BAO+H0, and Planck P+BAO+H0+LSS. On the right, we show
the present Planck P contrasted with the forecasted Planck P+S3 and Planck P+S4. The solid lines
are 1σ contours, and the dot-dashed lines are 2σ contours.
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4 Conclusions
The presence of light particles at the recombination epoch is well-motivated by a variety of
BSM particle physics considerations. In this paper, we studied both present-day and future
constraints on a cosmology with both free-streaming and self-interacting new light species,
finding present-day constraints from early-time data (Planck P+BAO) of Neff ∼ 2.8 ± 0.2
at 1σ and Nfld < 0.6 at 2σ. We motivated an alternate parameterization of the new light
degrees of freedom in terms of Ntot and ffs which are less degenerate, with more independent,
transparent physical meanings. In these new variables, we find a present-day constraint from
early-time data of Ntot = 3.06 ± 0.19 at 1σ, suggesting that any DR (either interacting or
free-streaming) beyond the SM neutrinos has to satisfy ∆Ntot < 0.39 at 2σ. We explored the
tension with late-time experiments (LSS, direct H0 measurements), finding 2σ evidence for
having a fraction of SM neutrinos be self-interacting, alleviating the tension between early-
time measurements of the CMB+BAO and late-time measurements of large-scale structure
and Hubble expansion rate. Finally, we explored how these sensitivities will improve over
the next decade as more cosmological data becomes available.
Interesting future directions to explore include: a more general parametrization of the
interactions of SM neutrinos and BSM dark radiations beyond the tightly-coupled limit as
considered in this work, and how the observational data constrains such possibilities. If the
slight preference of having interacting neutrinos or DR as suggested from our analysis gets
strengthened with upcoming data, this could inspire further studies on non-standard neutrino
physics, non-standard cosmology involving DR possibly interacting with DM, both in terms
of model-building and in terms of complementary phenomenology such as implications for
astrophysical probes for DM interactions as well as neutrino experiments on ground.
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A Additional Posteriors
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Figure 7. Here we show the 2d posteriors in the Planck P+BAO run. The dark gray regions are
the 1σ allowed regions, and the light gray regions are the 2σ allowed regions. These plots illustrate
correlations between the various cosmological parameters upon digital zoom-in.
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